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Introduction

34
The use of renewable fuels is on the rise worldwide (U.S. Energy Administration (2015)). One 35 renewable fuel, biodiesel, is composed of fatty acid methyl esters (FAME) derived from plant 36 and animal lipids used as a replacement or additive to petroleum diesel 1 . Up to 5% v/v biodiesel 37 is commonly used as an additive to ultra-low sulfur diesel (ULSD) to restore lubricity lost due to 38 the removal of sulfur compounds 2,3 . Blends containing up to 20% v/v biodiesel (i.e., B20 39 biodiesel) can be used without changes to existing engines or infrastructure 4 . The consumption of 40 biodiesel (including B20 biodiesel) has significantly increased worldwide over the past 10 years 41 due to similar combustion properties to ULSD 5,6 , performance advantages, and the adoption of 42 stricter regulation on emissions 7 . 43 44 Despite the advantages offered by blending biodiesel with ULSD, biodiesel can negatively 45 affect fuel stability 8 . Biodiesel contains more dissolved oxygen than ULSD, reducing oxidative 46 stability and increasing its biodegradability 9 . Biodiesel is also more hygroscopic than ULSD 10 , 47 causing B20 to absorb and retain more water. Water is essential for microbial metabolism and 48 growth; water entrained within fuel enables microbiological colonization of the fuel and 49 fouling [11] [12] [13] [14] . As microorganisms grow and foul a storage tank, conditions may become more 50 conducive for corrosion within the storage tank 15 . 51 52 The metabolism of FAME by microorganisms in a B20 storage tank generates organic 53 acids 15, 16 that may result in microbiologically influenced corrosion (MIC) of steel tanks or tank 54 components. Also, exposure of polymer tank seals and fittings to organic acids can decrease their 55 ductility and strength 17 . In addition to organic acids, production of CO 2 during the microbial 56 metabolism of FAME could also increase the rate of corrosion within a storage tank 18 . General 57 production and dissolution of acid and CO 2 within a fluid can result in uniform corrosion, where 58 the loss of material is distributed across a surface. The accumulation of biofilms, however, can 59 result in the localized production and concentration of corrosive compounds, the formation of 60 galvanic couples, or the ennoblement of steel surfaces. The result is localized corrosion that is 61 characterized by deep, penetrating pits on metallic surfaces that represent a great risk to storage 62 tank infrastructure 19, 20 . 63 64 For over a decade, the United States Air Force (USAF) has been storing B20 biodiesel and 65 using it in non-tactical support vehicles as a component of their Strategic Energy Plan 7,21 . The 66 adoption of B20 biodiesel by the USAF, however, was correlated with an increase in reports of 67 "bad fuel", or fouling; fuel was reported to contain particulates that clogged fuel dispensing 68 filters. Both fuel fouling and MIC have the potential to impact the operation of B20 biodiesel 69 storage and distribution systems. The link between biodegradation and corrosion has been 70 studied in other petroleum environments such as production, drilling 22,23 , or storage of petroleum 71 products including biodiesel 15, 24 . Pure cultures or enrichments of microorganisms have also been 72 shown to degrade biodiesel blends (including B20) and induce corrosion under laboratory 73 conditions 13, 25, 26 but studies that address the microbial community and corrosion risk within 74 active storage tanks are currently nonexistent. To this end, we were able to conduct a rare 75 longitudinal study, in situ, of microbial community dynamics linked to the corrosion of steel in 76 B20 biodiesel underground storage tanks (USTs). Two USAF locations housing USTs with 77 recurrent fuel quality issues were selected for this study. We hypothesized that the reported 78 issues were the result of microbial contamination and predicted that corrosion would be greatest 79 in USTs with the most biomass. We subsequently conducted a one-year survey of the microbial 80 communities present at both storage locations to link fouling, fuel degradation, and MIC in situ 81 within each UST. 82 83 Methods 84 85
Sampling and In Situ Analyses of Witness Coupons 86
The two USAF bases chosen for our yearlong study were located in the southeast (SE) and 87 southwest (SW) United States. The study focused on three USTs containing B20 biodiesel at 88 each base for a total of 6 surveyed USTs. All tanks were operated normally throughout the study, 89 except for SE 3, which was removed from the study after 9 months due to severe microbiological 90 contamination that required mitigation. The three tanks at SW were constructed of uncoated 91 carbon steel and installed in the early 1950s. At the SE site, two of the tanks (SE 3, SE 4) were 92 fiberglass and located at the same fueling station. The third tank (SE E) was made of carbon 93 steel, lined on the outside with fiberglass, and located at another fueling station. Each of the six 94 tanks had a large maintenance hatch (i.e. "manway") that was used as an access point for fuel 95 sampling (SI Figure 1 ). This hatch also served as an attachment point for suspension of a poly-96 vinyl chloride (PVC) rack that held four types of materials typical of fuel systems: steel, epoxy-97 coated steel, and fluorocarbon and Viton™ polymers. One PVC rack was placed in each tank 98 through the maintenance hatch and allowed to rest at the bottom of the tank. Witness coupons 99 were removed at ≈ 3-month intervals at SE, and ≈ 6-month intervals at SW. Fuel samples were 100 taken at each time point from the bottom of the tank via the access hatch using a 500 mL Bacon 101 bomb fuel sampler (Thermo Fisher Scientific, Hampton, NH). As a control, sterile, uncoated 102 witness coupons and sterile O-rings were incubated separately in 0.22 µm filter-sterilized B20 103 taken from fuel samples received at each site prior to exposure to USTs (n = 9 for each location). 104
Additional information related to the construction of the sampling rack, and epoxy coating 105 composition can be found in supplemental methods. 106 
Determination of Fuel Acid Index 152
The acid index of fuel samples taken from the bottom of tanks at the SE location was measured 153 by acid titration using the ASTM standard D974 37 method at the 3, 7, and 9 month time points. 154
Approximately 20 g of B20 suspended in 100 mL of titration solvent (100:1: 99 155 Toluene/Water/Isopropyl alcohol) and 0.5mL of an indicator solution was titrated using a 0.1 N 156 solution of KOH dissolved in isopropyl alcohol (Sigma Aldrich). 157 158
Estimation of final coupon biomass 159
The growth of biofilms within the USTs was determined by measuring the biomass attached to 160 the polymer-coated witness coupons. After 12 months of exposure, all pre-weighed polymer 161 coated coupons were removed from all tanks at both locations, photographed on site, placed into 162 sterile 50 mL conical tubes, and shipped overnight for further analysis. Upon arrival, all coupons 163 were desiccated to remove any water or fuel, weighed, and then cleaned using the ASTM 164 standard G1-03 hydrochloric acid method 38 . Biomass at 12 months was estimated as the 165 difference in the weight of the coupons prior to incubation in situ and after cleaning. No 166 degradation of the polymer coating was observed before or after removal of the biofilm from the 167 coupon. 168 169
Microscopy and Determination of Corrosion on Witness Coupons 170
For determination of general corrosion, biofilm and corrosion products were removed from 171 coupons via ASTM standard G1-03 C.3.5 38 . After cleaning, coupons were weighed on an 172 analytical balance, masses recorded, and compared against pre-exposure masses of each coupon. 173
Mass loss was calculated as the difference between weight prior to incubation (initial weight) 174 and the weight of the coupon after cleaning. A subset of steel witness coupons (n=2 per time 175 point) was imaged by several complementary approaches: scanning electron microscopy (SEM), 176 confocal microscopies, and white light profilometry. Coupons with intact biofilms that were 177 intended for microscopic analysis were scored with a 2 x 14 grid to enable correlation between 178 locations imaged (each quadrant roughly 9 x 11mm, Figure S2 ). Additional information on the 179 scribing of coupons is available in supplemental methods. Select coupons were then imaged with 180 the biofilm in place using a VHX 2000E (Keyence Corp., Itasca, IL) digital microscope from 20-181 200X magnification. Areas of interest were subsequently imaged using an FEI Quanta 600 182 environmental scanning electron microscope (ESEM, Thermo Fisher Scientific Co., Waltham, 183 MA). Three to five areas were imaged using the SEM per coupon. 184
185
Coupons designated for pitting measurement after cleaning were imaged using a VK-X250 3D 186
Laser Scanning Confocal Microscope (Keyence Corp., Itasca, IL) to measure the depth of each 187 pit depth and surface roughness. Each coupon was imaged under 10X magnification at 42 188 locations chosen randomly for the first coupon analyzed, and then used for all other coupons. 189
Maximum pitting rates (Recorded as mils per year or MPY) were calculated for each sample 190
where 39.4 is the conversion factor to go 191 from mm/year to MPY. using A pit was defined as a region that was a minimum of 10 µm below 192 the mathematically determined reference plane (surface) and at least 200 µm 2 in area. The community structure and composition of sampled biofilms varied significantly between 213 bases (Bacteria p = 0.001 R 2 = 0.12, Eukaryota p = 0.001 R 2 = 0.23), and between different tanks 214 at each base (Bacteria p = 0.001 R 2 = 0.37, Eukaryota p = 0.001 R 2 = 0.34). Members of the 215 Acetobacteraceae (acetic acid bacteria) or the Clostridiaceae group 1 were the most abundant 216 taxa detected in the tanks at SW, whereas members of the Rhodospirillaceae and 217
Sphingomonadaceae were more abundant in SE tanks (Figure 1a ). An OTU (OTU 1 within the 218 Eukaryotic dataset) that was present and often very abundant at both locations was identified as 219 an unclassified member of the Eurotiomycetes. Additional identification via BLAST suggested 220 that it was a filamentous fungus, most likely a member of the genus Byssochlamys (Family 221 Trichocomaceae). The microbial communities at SE also intermittently contained a population of 222 yeast most closely related to the genera Saccharomyces and Wickerhamomyces (Family 223 Saccharomycetaceae) (Figure 1b) . A summary of all detected taxa can be found in Table S1 . 224
225
Ordination based on Principal Coordinates Analysis (PCoA) using the weighted UniFrac 226 distance between microbial communities including both fuel and biofilms indicated that these 227 communities differed by site ( Figure 2 ). Eukaryotic samples from SW were more similar to one 228 another than samples from SE were to one another (Figure 2b ). Small differences were detected 229 between samples of fuel and biofilm at each sampling point among the bacteria (Supplemental 230 figure S4a), but there was little to no difference among the eukarya (Supplemental figure S4b) . 231 232
Site Observations, Biomass, and Corrosion Results 233
Total dry weight biomass after 12 months of exposure to fouled fuel was greatest at SW, with 234 SW 2 having the greatest fouling of coupon surfaces ( Figure S5 ). Overall, coupons at SW were 235 consistently coated in greater amounts of biofilm/material ( Figure S6 ) and had greater final 236 biomass than those sampled at SE. 237 238 Witness coupons from tanks at SW consistently experienced greater amounts of corrosion than 239 those at SE ( Figure S7 ). All coupons exposed to SW tank systems had significantly more 240 corrosion than controls exposed to sterile fuel, while SE 4 coupons were not significantly 241 different from sterile fuel controls ( Supplemental table S2 ). Coupons exposed to conditions in 242 SW USTs had deeper pits than coupons from the SE location and controls (Figure 3) . Over time, 243 the skewedness of pit distribution on exposed UST coupons was greater than the controls (Figure  244 3). Surface roughness also increased over time (Supplemental figure S8) and was the greatest on 245 coupons from SW 2. Tanks at SW, and SE 3 had the greatest maximal pitting rate (Table 2) (Figure 3 , p < 0.001), but surface roughness was not significantly different 248 between coupons exposed to the top or bottom of the tank (p = 0.34, figure S4 ). There was little 249 to no effect on O-ring load strength, tensile strength, or elongation among tanks (Supplemental 250 figure S8 ). 251
252
The fuel acid number of samples taken from SE 3 increased over time from 0.17 to 1.51 mg 253 KOH / g B20, corresponding to an elevated corrosion and maximum pit depth in SE tank 3 254 relative to other tanks at SE. By 9 months, fuel in SE tank 3 exceeded the ASTM standard limit 255 of 0.3 mg KOH/g B20 for fuel acidity (Table 1 ). Witness coupons imaged by SEM from both 256 bases were covered by morphologically similar biofilms, which were primarily comprised of 257 connected filaments that are likely fungal hyphae (Figure 4c ). Pits were correlated with areas that 258 contained biofilm prior to cleaning when coupons exposed in tanks at the SE location for 3 and 7 259 months were imaged (Figure 4b, 4d ). 260
261
Discussion
262
Diesel is a globally used liquid transportation fuel and is the primary ground-transportation 263 fuel within the largest American consumer of petroleum products, the US Air Force 4 . Within the 264 USAF, the practice of blending or replacing ULSD with a renewable fuel such as biodiesel 265 increases fuel performance and significantly offsets carbon emissions worldwide 3 . The USAF is 266 not alone in its increasing use of biodiesel. The use of biodiesel is on the rise, increasing 267 worldwide from 14 thousand barrels per day (tbpd) in 2000 to 530 tbpd in 2014 (Source: U.S. 268
Energy Administration (2015)). As usage of biodiesel and biodiesel blends increases, there is 269 concern that increased risk of fouling or corrosion will follow. The ability of microorganisms to 270 degrade and foul biodiesel has been reported anecdotally in operational fuel storage systems, and 271 the link to corrosion is well studied under laboratory conditions 15, 25 . Corrosion in ULSD USTs is 272 known, with 83 percent of inspected tanks containing moderate or severe corrosion 43 yet until 273 now little quantifiable corrosion or microbial community data were available in operational B20 274 biodiesel storage tanks. Our access to in-service B20 biodiesel storage tanks was unparalleled, 275 allowing us to carry out a temporal study of both microbial diversity and corrosion. In this work, 276
we have provided the first in-situ study combining corrosion/fouling measures alongside a 277 survey of the total microbial community in active B20 biodiesel USTs. Our study established a 278 link between fuel fouling and increased biofilm biomass comprised of fungi and bacteria. This 279 biomass was also linked to pitting corrosion co-located with the microbial biofilms. The linkage 280 between fuel fouling and corrosion is of considerable concern to continuing tank operations. 281
282
There is no lack of oxidizable substrate within a tank storing B20 that supports microbial 283 growth. Instead, mitigation of bacterial and fungal growth might be accomplished by limiting 284 nitrogen, phosphorus, electron acceptor, or physical space near the fuel-water interface. While 285 they were not the most abundant community members across all sampled time points, OTUs 286 related to Nitrospirillum and Burkholderia were present within the sampled USTs. These OTUs 287 have the capacity for nitrogen fixation and thus, could be providing the community with a source 288 of fixed nitrogen for growth 44, 45 , living in coexistence with the microorganisms most responsible 289 for fuel acidification and corrosion. As oxygen is depleted in water near the bottom of a UST, 290 anaerobic growth via fermentation may also provide a source of organic acids. Members of the 291 Firmicutes genus Caproiciproducens can produce numerous organic acids including caproic, 292 butyric, and acetic acid under anaerobic fermentative growth 46 and likely contribute to increased 293 acidity within fuel. Anaerobic microorganisms like the Clostridiaceae (including 294 Caproiciproducens), were most abundant and consistently detected at SW in all three tanks. 295
Aerobic microorganisms capable of producing acid were also present across the study, including 296
OTUs within the Alphaproteobacteria at SW most closely related to Gluconacetobacter and 297 unclassified Acetobacteraceae. Gluconacetobacter and Acetobacteraceae can produce large 298 quantities of acetic acid in addition to producing viscous biofilms of bacterial cellulose that may 299 enhance their ability to maintain a physical presence at the fuel-water interface as well as 300 exacerbate both corrosion and fouling 47, 48 . 301
302
In contrast to the bacteria, the fungal community, representing the bulk of detected Eukarya, 303 was less diverse and more homogenous across both sampled locations. A single, highly abundant 304 OTU most closely related to Byssochlamys was found across all tanks exhibiting fouling. 305
Byssochlamys is more commonly associated with contamination of acidic fruit juices and is 306 capable of propagating across a broad range of pH and temperature 49 . Recently, however, it was 307 isolated from biodiesel in Hawaii, and characterized for its ability to degrade ULSD and 308 biodiesel 50 . Byssochlamys is likely well adapted to grow within B20 biodiesel USTs. Members of 309
Byssochlamys can withstand boiling (high temperatures are a part of the biodiesel production 310 process), low concentrations of oxygen that may exist at the bottom of a fuel tank, and broad 311 changes in pH as microbial community members begin to acidify water near the bottom of a fuel 312 tank. It is also likely that these properties give Byssochlyamys a competitive advantage within 313 USTs; relative abundance within the Eukarya was mostly unchanged over time with much lower 314 diversity than the Bacteria. Filamentous fungi such as Byssochlamys may also provide a surface 315 for bacteria to exploit, encouraging biofilm production within a UST 51 . SEM analysis of fouled 316 coupons showed co-location of rod-shaped bacteria within the fungal filaments (data not shown). 317
Ours is the first study to conclusively show the progression of biocontamination dominated by 318
Byssochlamys-like OTUs in B20 biodiesel in situ, and to establish the relationship between their 319 abundance and in situ corrosion. 320
321
The observed corrosion likely resulted from the presence of biofilms and microorganisms. The 322 localized production of acids within biofilms can create an environment that is favorable for the 323 induction of pitting corrosion 52 . Similar to work previously reported by Lee (2010) , our in-situ 324 study showed greater corrosion near the bottom of each tank where the presence of water and a 325 fuel water interface is more likely. The interaction of fuel and water allows for enhanced 326 microbial growth, and in turn, greater corrosion. Indeed, the greatest corrosion rates observed 327 were in SW (> 8 MPY), where fungal fouling was the most prolific. Rates appeared to decline 328 from 7 to 12 months, suggesting some amount of passivation may take place or an increase in 329 uniform corrosion which could make pits appear shallower. Compared to apparent steel 330 corrosion, polymer degradation was almost nonexistent. Fungi and Bacteria are known to 331
degrade polymers yet no significant degradation was observed 53, 54 . It is possible that the 332 polymers tested in this study were recalcitrant to degradation over the time period of the study. 333
Future work could include exposing polymers to contaminated fuel for an increased amount of 334 time to confirm these findings. 335 336 Significant differences in community membership were detected between locations and even 337 individual tanks. However, the correlation with measured environmental or operational variables 338 was low. As a result, we still do not have definitive evidence as to why specific microorganisms, 339
including both fungi and bacteria, were associated with a single tank or location. Tank material 340 almost certainly was a factor-steel tanks represent a more reducing environment than fiberglass 341 tanks, encouraging the growth of anaerobic microorganisms such as Caproiciproducens as 342 observed in SW. Otherwise, stochastic forces may determine which organisms are first 343 introduced to each tank, and the broadly shared metabolism of FAME degradation could allow 344 subsequent growth of a broad diversity of microorganisms. As the organic acid by-products of 345 FAME degradation accumulate, the acidity of the fuel and water would increase, selecting for 346 acid tolerant organisms like Byssochlamys or Gluconacetobacter 47,49 , which most likely 347 represent the climax community of fouled biodiesel. Through the process of fouling biodiesel, 348 the ability of fungi to withstand large changes in pH and oxygen concentration almost certainly 349 allows them to dominate the biodiesel tank ecosystem. buildings is possible 61 . In addition to preventative or 'shock' biocide treatments, sterilization 368 technologies could be adapted to underground tank storage systems 62 to limit biomass 369 accumulation during normal operation. While B20 presents new storage challenges to operators, 370 risk assessments informed by this study will aid each operator in formulating the appropriate 371 response if contamination is detected. 372 373
Conclusions 374
A mixed microbial community of filamentous fungi and acid-producing bacteria were 375 responsible for steel corrosion in B20 biodiesel USTs. This research extends beyond in-situ 376 surveys, and work is underway to characterize the most abundant fungal member of fuels and 377 biofilms observed at both locations 63 . Biodiesel use continues to increase worldwide (Source: 378 U.S. Energy Administration (2015)). We successfully investigated the microbial diversity at 379 multiple USTs in two geographically distinct locations, and importantly, linked corrosion to the 380 presence of microorganisms. The synthesis of multiple lines of evidence collected from witness 381 samples, including microscopic characterization of biofilm communities and coupon surfaces, 382 and measurements of corrosion, and microbial diversity, also suggests that biodiesel blends are 383 subject to fouling by bacteria and largely, fungi. Microbial contamination and proliferation in 384 biodiesel poses a risk to fuel storage infrastructure worldwide. Figure S1 . Schematic representation of a B20 storage tank. Samples were taken from a 462 "manway" access point (1) , and witness coupons were suspended by chain near the bottom of the 463 tank (2), to attempt to expose materials to fuel, as well as to any potential water bottom (3). 464
Other potential ingress points to the tank include the fuel inlet (4) and sampling port (5). 465 mean of witness coupons not exposed to fuel or field conditions. 479 exposure to fuels at SE (Blue) and SW (Red). Controls exposed to SE fuel are shown in grey, 483 and unexposed controls are represented in black. 484 Table S1 . Summary statistics of Bacterial/Archaeal and Eukaryotic small subunit ribosomal 485 RNA gene sequencing libraries. 486 Table S2 . Pairwise significance tests of corrosion both between tanks and between tanks subset 487 into individual time points. 488 489
